
UNIVERSITY OF CALIFORNIA, DAVIS 
 
 
BERKELEY      DAVIS      IRVINE      LOS ANGELES      MERCED    RIVERSIDE     SAN DIEGO    SAN FRANCISCO            SANTA BARBARA        SANTA CRUZ 
 
 
 
 
LAND, AIR AND WATER RESOURCES       ONE  SHIELDS AVENUE 
113 VEIHMEYER HALL        DAVIS, CALIFORNIA 95616-8628 
TELEPHONE: (530) 752-0453 
FAX : (530) 752-5262 
WEB: http://lawr.ucdavis.edu   
  

Date: January 19, 2006 1 
 2 
From: 3 
Thomas Harter, Ph.D., Subsurface Hydrology Specialist in Cooperative Extension (UC Davis), 4 

ThHarter@ucdavis.edu  5 
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 13 
To: Polly Lowry, RWQCB Region 5 14 
 15 
Re: Comments on the Tentative Waste Discharge Requirements General Order for Existing 16 

Milk Cow Dairies, Monitoring and Reporting Program – Groundwater Monitoring 17 
 18 
These comments are provided in addition to other comments made by the University of 19 
California Dairy Quality Assurance Program Workgroup subcommittee for WDR document 20 
review. The comments here specifically address the Groundwater Monitoring section of the 21 
Monitoring and Reporting Program. 22 
 23 
General Comments: 24 
 25 
We concur with the finding that “No set of waste management practices has been demonstrated 26 
to be protective of groundwater quality in all circumstances” (Item 22., WDR General Order). 27 
We also concur with the finding that groundwater monitoring leads to a direct determination of 28 
whether or not groundwater contamination exists. However, we caution that dairy operations are 29 
unlike many other typical groundwater contamination sites regulated by WDRs and the typical 30 
“one monitoring well upgradient and a couple of monitoring wells downgradient of the facility”- 31 
approach may not be applicable to dairies in the same way that it is applicable to other sites. 32 
 33 
The most common groundwater pollutant associated with dairies is nitrate (Harter et al., 2002a). 34 
Dairies are an agglomeration of many potential sources of groundwater nitrate contamination: 35 
crop fields receiving liquid or solid manure, animal housing and exercise areas, solid manure 36 
storage areas, feed storage areas, and storage lagoons. Also, dairies are not the only source of 37 
groundwater nitrate. Many activities adjacent to dairies may also cause groundwater nitrate 38 
contamination: Septic leach fields, commercial fertilizer use on non-dairy agricultural lands, and 39 
municipal wastewater treatment plant effluent percolation, among others. We also find that 40 
nitrate leaching from a dairy to groundwater is not uniform, not even within a single field or a 41 
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single lagoon. Our own observation data (Harter et al., 2002b), collected from two adjacent 42 
dairies with over forty monitoring wells on approximately 350 acres, show that groundwater 43 
nitrate concentrations in the shallow-most groundwater zone may vary over almost one order of 44 
magnitude within a few hundred feet and vary considerably within the same management unit 45 
(e.g., within the corral area or along the same lagoon). The large variability in groundwater 46 
nitrate is due to multiple sources leaching different amounts of nitrate (inherent to that particular 47 
source) and due to the spatial heterogeneity and temporal variability of leaching rates even with a 48 
single source (e.g., corral area). 49 
 50 
The high variability poses a particular challenge for groundwater monitoring: Capturing all 51 
possible groundwater quality violations underneath a dairy may require the installation of many 52 
tens of monitoring wells if groundwater monitoring is to be done with the same effectiveness as 53 
it is done at other regulated but much more localized waste discharge sites, e.g., the percolation 54 
pond of a food processor or of a wastewater treatment plant, or a gas station with an underground 55 
storage tank location. 56 
 57 
Permitted dischargers that potentially affect groundwater quality are typically required to install 58 
three to eight monitoring wells, at least one of which is typically installed upgradient of the 59 
facility. Assuming that a similar amount of monitoring wells will be installed on dairies, what 60 
information does that provide? Based on our existing monitoring well network in Merced and 61 
Stanislaus County (Harter et al., 2002a), the most likely outcome will be that almost all dairies 62 
located on the valley floor in Merced and Stanislaus County and with a water table of less than 63 
20 feet below ground surface will have most of their monitoring wells showing a violation of the 64 
nitrate drinking water standard at any time of the year. Based on the data collected thus far by the 65 
RWQCB Fresno office from dairies in Tulare, Kings, Fresno, and Madera County, it appears that 66 
most of dairies in those counties, if the water table is less than 100 feet below ground surface, 67 
will have at least one monitoring well showing a nitrate violation at least some of the time 68 
(assuming that water is sampled from within 20 feet of the water table). 69 
 70 
Clearly, there is a need to monitor groundwater to establish that required management practices 71 
yield the desired protection of groundwater resources. Over time, the WDR data collected from 72 
monitoring wells on existing dairies together with nutrient management and production area 73 
management data will provide a significant database. That database may be used to determine 74 
the effectiveness  of various management practices. Such a determination can be made more 75 
efficiently by targeted field research and management practice development (rather than by a 76 
regulatory program). Given the complexity of the dairy as a potential groundwater nitrate source, 77 
a network of three to eight (water table) monitoring wells will at best be an indicator, but will 78 
hardly be useful to guide management practices in a way that will improve groundwater quality. 79 
 80 
The primary source of groundwater nitrate contamination on dairies is the land application area 81 
(Harter et al., 2002a). And the primary driver of nitrate leaching to groundwater in the land 82 
application area is the nitrogen balance of the land application area (Harter et al., 2001). If the 83 
land application area of a dairy has a balanced nitrogen budget (N application minus non-84 
unavoidable lossed due to N volatilization and N leaching= crop removal), it is much less likely 85 
to contaminate groundwater than when the nitrogen budget is significantly out of balance. Based 86 
on our work and that of others in the U.S. and Europe, it is likely that the nitrogen budget (of the 87 
land application area) is the most critical control point. Knowing that budget will help focus 88 
management efforts to reduce degradation of groundwater. Addressing farm and field budgets is 89 
the first step to control and further prevent future groundwater contamination. 90 
 91 
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We therefore urge the Board to utilize the farm-wide land application area nitrogen balance as 92 
the guiding indicator of potential groundwater contamination and to use other information only 93 
as secondary indicators. We anticipate that analysis of nitrogen balance data will identify many if 94 
not most of the facilities that currently have the most detrimental impact to groundwater quality.  95 
In the specific comment section below, we propose changes to the draft MRP that address this 96 
issue. 97 
  98 
Specific Comments: 99 
 100 
WDR General Order, Section H.2.d.: 101 
 102 
Rather than using the “Whole Farm Nitrogen Balance” as defined in footnote 6 as the basis, we 103 
suggest to use the “Land Application Area Nitrogen Balance”. We define the “Land Application 104 
Area Nitrogen Balance” (LAANB) specifically as: 105 
 106 
LAANB = {manure N + fertilizer N + irrigation N + atm. N }  /   {N removed in crop harvest} 107 
 108 
where: 109 
 110 
Manure N: the amount of manure nitrogen applied to the land application area [lbs/ac/yr] 111 
Fertilizer N: the amount of non-manure fertilizer N applied to the land application area[lbs/ac/yr] 112 
Irrigation N: the amount of nitrate-nitrogen contained in irrigation water delivered to the land 113 

application area [lbs/ac/yr] 114 
Atm. N: the amount of atmospheric N deposition per year, which – for the Central Valley - is 115 

approximately 15 [lbs/ac/yr] (Blanchard and Tonnessen, 1993; Mutters, 1995). 116 
N removed in crop harvest: total amount of N removed via harvest from the land application area 117 

(lbs/ac/yr] 118 
 119 
We suggest that for purposes of this section  of the WDR, “manure N applied to the land 120 
application area” is initially estimated to be 70% of the N excreted by the animals minus the 121 
amount of N exported: 122 
 123 
Manure N = 0.7 x N excreted – N exported 124 
 125 
N excretion is a function of the herd composition  as explained in Chang et al., 2005. That same 126 
report also found that typically 60 - 80% of the excreted manure is available for distribution to 127 
the land application area or for export due to volatilization losses in the production area. We 128 
suggest that – for preliminary computations – a mid-point value of 70% or 0.7 be used, but any 129 
other value between 0.6 and 0.8 would be equally valid. 130 
 131 
Monitoring and Reporting Program No. (General Order for Existing Milk Cow Dairies): 132 
 133 
Item 15: 134 
 135 
Unlike monitoring wells, domestic/milkbarn supply wells and especially agricultural supply 136 
wells are typically screened well below the water table and across substantial vertical distances. 137 
The source area of these wells may extend over several thousand feet upgradient of the well 138 
location, depending on hydrogeologic conditions and well design. Water pumped from these 139 
wells is typically a mix of younger (shallower) and older (deeper) water. Numerous on-site and 140 
off-site sources typically exist within this source area. In many cases, it will be difficult to 141 
determine, whether elevated nitrate levels are due to on-site or off-site activities. In almost all 142 
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cases, elevated nitrate levels will be due to activities that occurred several years or even decades 143 
ago. There is not necessarily a strong correlation between nitrate values in these wells and 144 
current management activities on a dairy, particularly if the dairy is newer (less than 10 years) or 145 
if there have been substantial changes in management in the last ten years. 146 
 147 
Due to the high pumping rate, the large vertical screen sections, and the screen depth, supply 148 
wells tend to have relatively stable water quality. We find quarterly sampling of production wells 149 
unnecessary for purposes of this Order. For example, public water supply wells for drinking 150 
water are typically tested once a year to once every three years.  Initially, annual sampling of 151 
supply wells should be considered sufficient. Later, three-yearly sampling may be considered 152 
sufficient. 153 
 154 
Item 17a: 155 
 156 
Active irrigation wells on or nearby a dairy may significantly alter groundwater flow directions 157 
from their natural flow direction (depicted, e.g., in Ca. DWR water level maps) within an area as 158 
far as 1,000 to 2,000 feet away from the well. Groundwater flow direction and gradient beneath 159 
dairies in regions that heavily rely on groundwater pumping will often be difficult to determine 160 
and are subject to strong seasonal variations. 161 
 162 
Item 17b: 163 
 164 
“Natural background (unaffected by Discharger or others) groundwater quality upgradient of the 165 
facility” will be difficult to determine. At most dairy sites, upgradient conditions are significantly 166 
influenced by other agricultural activities. “Natural background conditions” may not have existed 167 
for some period of time. At many sites, at best, such natural water quality conditions can be 168 
estimated from historic groundwater quality reports and will not be site-specific. 169 
 170 
Prioritizing where and when monitoring wells are to be installed (paragraph prior to Item 15) – 171 
Table 2 172 
 173 
Attached below is a proposed modification of Table 2. The proposed modification first ranks 174 
dairies according to their current nitrogen balance, and only secondly ranks the dairies according 175 
to other criteria originally suggested (water quality in supply wells, distance to municipal wells). 176 
Specifically, the proposed Table 2 includes the following changes: 177 
 178 

• It adds a “composite weight score” that reflects 179 
o low vs. normal groundwater vulnerability and 180 
o excellent vs. average vs. poor farm nitrogen management as defined by the farm 181 

land application area nitrogen balance (LAANP, see comment above). 182 
The total (composite) weight score is multiplied with the slightly modified point score of the 183 
original Table 2. 184 
• In the point score, we deleted two items that are both related to nitrogen management but 185 

are not needed under the revised version of Table 2: 186 
o “number of crops grown per year per field” 187 
o “farm nitrogen balance” 188 

 189 
The “composite weight score” is the product of two individual weight scores: 190 
 191 
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Regional unconfined aquifer hydrogeologic conditions: If the regional water table aquifer is 192 
anoxic, denitrification is likely to reduce nitrate concentrations to negligible levels. If the 193 
regional water table aquifer is highly saline, beneficial uses are already limited.  In either case, 194 
any dairy overlying such an aquifer is much less likely to negatively impact groundwater quality 195 
than dairies overlying the oxic freshwater sediment aquifers most commonly found in the Central 196 
Valley. Few dairies (e.g., on the Tulare Lake Bed) will qualify for the lower score. We suggest 197 
that CVRWQCB create a map to (conservatively) identify those areas based on existing  and 198 
readily available hydrogeologic information and post it on its web site. 199 
 200 
Land application area  nitrogen balance (LAANB):  The LAANB is defined in the comment 201 
above and also in the footnote. As pointed out above, it is effectively the ratio of all N available 202 
for crop production in the land application area divided by the N actually removed in the harvest 203 
of the land application area. For purposes of this Table 2 – and only for this Table 2 - we suggest 204 
to assume that 30% of excreted N is lost to the atmosphere prior to land application. This is the 205 
mid-point of the production area losses (20 - 40%) suggested in Chang et al., 2002. For purposes 206 
of this Table, the amount of N excreted should be computed based on any of the approaches 207 
suggested in the UC Committee of Experts Report (Chang et al., 2005), for example, based on 208 
the number and type of animals and their tabularized excretion rates. As more site-specific data 209 
for the LAANB become available, the LAANB can be adjusted. 210 
 211 
The  three categories created for the multipliers represent producers that have a LAANB within 212 
recommended limits (N balance < 1.65), producers with elevated N balance (1.65 < N balance < 213 
3), and producers with excessive N balance (> 3).  A LAANB of 1.65 reflects the upper endpoint 214 
recommendation of the UC Committee of Consultant report (Chang et al., 2005). A LAANB of 3 215 
is approximately 100% over the recommended amount and rounded to the nearest integer. 216 
 217 
Currently, we know little about the actual LAANB of dairies as proposed here. After more is 218 
known about the actual range of LAANB found on Central Valley dairies, the brackets defining 219 
the three nitrogen management groups may be adjusted by the Board. The two divisions (1.65 220 
and 3) are suggestions and do not need to be defined until the program is being executed and 221 
more is known about the range of LAANB found on Central Valley dairies. 222 
 223 
The input for computing the LAANB can be easily derived from the information obtained in the 224 
NOI and from information collected for the WDR during the first year. We disagree with 225 
comments we received from staff that the information required to compute the LAANB is not 226 
readily available. To compute the LAANB the following data would be needed: the number and 227 
type (calf, heifer, dry cow, milking cow) of animals, the total amount of commercial fertilizer 228 
purchased and applied to the land application area annually, the size of the land application area, 229 
and the nitrate concentration in irrigation water . The purpose of this approach is to provide some 230 
overall ranking that reflects major differences in farm nutrient management and that provides 231 
guidelines to growers to make adjustments that have real impacts to groundwater quality. 232 
 233 
Note that the use of weighting factors that are one order of magnitude apart (0.1, 1, and 10) 234 
effectively divides dairies first by the land application area nitrogen balance (and – for a few 235 
dairies – by aquifer conditions), and then by the proposed RWQCB ranking scheme within each 236 
of the three nitrogen balance groups. The weight score will affect the proposed ranking such that 237 
most producers with a low LAANB are ranked lowest, regardless of the other factors proposed 238 
by RWQCB and  most producers with a very poor (high) LAANB are ranked highest. Everyone 239 
else is ranked as proposed by RWQCB (weight = 1). Within each group, the scores proposed by 240 
RWQCB will facilitate further ranking. Several examples of anticipated typical ranking for 241 
various dairies are found in the attachments. Staff argued that the proposed table adds too much 242 
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weight to the nitrogen balance while not paying tribute to conditions of impact to supply wells 243 
that would be noted by the Discharger or his/her neighbors. We argue that making current 244 
conditions of supply well water quality secondary to current nitrogen balance conditions is 245 
entirely justified as the intent of the regulation is to control the source (that is, the nitrogen input) 246 
and not to clean up existing contamination, which has uncertain location and time of origin. 247 
Furthermore, conditions of supply well impact are not ignored in the revised table, but they are 248 
used to determine the ranking within each of the three LAANB groups. 249 
 250 
Staff also argued that the proposed table does not provide a field-by-field accounting. However, 251 
it is our understanding that this Table is only for initial ranking with respect to groundwater 252 
monitoring and that data necessary to rank dairies must be relatively simple to obtain for a 253 
specific site. That’s why we chose a (total) land application area nitrogen balance. Field-by-field 254 
nitrogen balances will ultimately be available anyway as part of the WDR. As in the original 255 
Table 2, the purpose of the revised Table 2 is not to detect violations that may occur in one field 256 
or another. Rather, the idea is to determine, whether overall conditions exist on the dairy that can 257 
reasonably ensure groundwater protection (a LAANB of less than 1.65). 258 
 259 
In summary, the proposed revision to Table 2 will account for the likely rate of groundwater 260 
nitrate loading at a facility. A low farm nitrogen balance indicates that a relatively low amount of 261 
N and salts is available for leaching to groundwater. A high farm nitrogen balance indicates that 262 
a relatively high amount of N and salts is available for leaching to groundwater. Since the main 263 
purpose of the Table is to create a ranking for further monitoring and to prioritize, where changes 264 
to manure management are most needed, such relative weighting is entirely appropriate. 265 
 266 
Attachments 267 
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TABLE 2.  GROUNDWATER MONITORING FACTORS FOR RANKING PRIORITY1 

FACTOR SITE 
CONDITION 

WEIGHT 
SCORE 

POINT 
SCORE SCORE 

Anoxic OR 
saline conditions 0.1 Regional unconfined aquifer hydrogeologic 

conditions2 else 1 

 

< 1.6 0.1 
1.6 – 3 1 Annual farm nitrogen balance3 

> 3 10 

  

PRODUCT OF THE TWO WEIGHT SCORES   

< 10 0 

10 - 20 10 

Highest nitrate concentration (nitrate-nitrogen in 
mg/l) in any existing domestic well, agricultural 
supply well, or tile drainage system at the dairy or 
associated land application area (detected two or 
more times in any one well or tile drainage system). >20 20 

 

< 1.54 0 Ammonium (ammonium-nitrogen in mg/l) detected 
twice at any concentration in any existing domestic 
well, agricultural supply well, or tile drainage 
system at the dairy or associated land application 
area. 

> 1.5 20 

 

Outside GWPA 0 Location of production area or land application area 
relative to a Department of Pesticide Groundwater 
Protection Area5 (GWPA).   In GWPA 20 

 

> 1,500 0 
601 to 1,500  10 

Distance (feet) of production area or land 
application area from an artificial recharge area 
used for drinking water storage6. 0 to 600 20 

 

< 10 or unknown 0 Nitrate concentration (nitrate-nitrogen in mg/l) in 
domestic well on property adjacent to the dairy 
production area or land application area (detected 
two or more times). 

10 or greater 20 

 

> 600 0 
301 to 600 10 

Distance (feet) from dairy production area or land 
application area and the nearest off-property 
domestic well. 0 to 300 20 

 

> 1,500 0 

601 to 1,500 10 
Distance (feet) from dairy production area or land 
application area and the nearest off-property 
municipal well. 0 to 600 20 

 

Yes 0 Nutrient Management Plan completed by 31 
December 2008? No 

 

100 
 

SUM OF THE EIGHT POINT SCORES   
(PRODUCT OF WEIGHT SCORES) x  
                                   (SUM OF POINT SCORES) 

  

                                                 
1 Dairies with higher total scores will be directed to install monitoring wells first. 
2 Based on a map to be generated by RWQCB from existing regional hydrogeologic reports. Would likely include the lakebed areas 
of Buena Vista Lake, Kern Lake, and Tulare Late. 
3 Land-application area nitrogen balance =  
 {(0.7 x N  excreted  – manure N exported) + fertilizer N + irrigation N + atm. N }  /   {N removed in crop harvest} 
with all values reported in [lbs N per year]. Atmospheric N (atm. N) is 15 [lbs/acre] (Blanchard and Tonnessen, 1993; Mutters, 1995). 
N excretion is a function of the herd composition (U.C. Committee of Consultants, 2005).  Land application area  N balances are 
computed for the calendar year and over the total land application area. 
4 The detection limit for ammonium-nitrogen shall not exceed 1.5 mg/l. 
5 The Department of Pesticide Regulation (DPR) defines a Groundwater Protection Area (GWPA) as an area of land that is 
vulnerable to the movement of pesticides to groundwater according to either leaching or runoff processes.  These areas include 
areas where the depth to groundwater is 70 feet or less.  The DPR GWPAs can be seen on DPRs website at 
http://www.cdpr.ca.gov/docs/gwp/gwpamaps.htm. 
6 An artificial recharge area for drinking water storage is defined as an area where the addition of water to an aquifer is by human 
activity, such as putting surface water into dug or constructed spreading basins or injecting water through wells; and where the 
recharge occurs for the explicit purpose of storing groundwater for later use as drinking water. In general, this does not include 
wastewater recharge operations. 



SOME ANTICIPATED TYPICAL 
SCENARIOS, SORTED BY TOTAL 
SCORE 

Dairy in 
Merced/Stanislaus 
near a city,  limited 
land base, limited 

manure export 

Dairy in 
Merced/Stanislaus 

away from city, 
limited land base, 

limited manure 
export 

Older Dairy in Tulare 
County away from 

city, small land base, 
limited manure 

exports 
Aquifer conditions 1 1 1 
Farm nitrogen balance (driven by 
cow/acre) 10 10 10 
PRODUCT OF MULTIPLIER SCORE 10 10 10 
    
Highest on-site nitrate concentration 20 20 10 
Highest on-site ammonium concentration 0 0 0 
GWPA 20 20 10 
Distance to articificial recharge 0 0 0 
Neighbors nitrate 20 20 10 
Distance to nearest off-domestic well 20 20 20 
Distance to nearest off-municipal well 20 0 0 
Nutrient mgmt plan 0 0 0 
SUM OF POINT SCORES 100 80 50 
    
TOTAL SCORE (Line 4 x Line 14) 1000 800 500 
    
    
    



SOME ANTICIPATED TYPICAL 
SCENARIOS, SORTED BY TOTAL 
SCORE 

(Unlikely scenario, 
for illustration only) 
Dairy on the Tulare 
Lake Bed (anoxic 
aquifer) away from 
city, uncooperative, 
low acreage, little 

manure export, poor 
nutrient management 

New Dairy in Tulare 
County away from 

city, large land base 

Old Dairy in 
Merced/Stanislays 
County with new 

management, near 
city, limited land 

base, large manure 
exports, excellent 

nutrient management 
Aquifer conditions 0.1 1 1 
Farm nitrogen balance (driven by 
cow/acre) 10 1 0.1 
PRODUCT OF MULTIPLIER SCORE 1 1 0.1 
    
Highest on-site nitrate concentration 0 10 20 
Highest on-site ammonium concentration 0 0 0 
GWPA 0 20 20 
Distance to articificial recharge 0 0 20 
Neighbors nitrate 0 10 20 
Distance to nearest off-domestic well 20 20 20 
Distance to nearest off-municipal well 0 0 20 
Nutrient mgmt plan 100 0 0 
SUM OF POINT SCORES 120 60 120 
    
TOTAL SCORE (Line 4 x Line 14) 120 60 12 
    
    
    



SOME ANTICIPATED TYPICAL 
SCENARIOS, SORTED BY TOTAL 
SCORE 

New Dairy in Kings 
County away from 

city, large land base, 
ok nutrient 

management 

New Dairy in Kings 
County away from 

city, large land base, 
excellent nutrient 
management, on 
Tulare Lake Bed 
(anoxic aquifer)  

Aquifer conditions 1 0.1  
Farm nitrogen balance (driven by 
cow/acre) 1 0.1  
PRODUCT OF MULTIPLIER SCORE 1 0.01  
    
Highest on-site nitrate concentration 10 10  
Highest on-site ammonium concentration 0 0  
GWPA 0 0  
Distance to articificial recharge 0 0  
Neighbors nitrate 0 0  
Distance to nearest off-domestic well 0 0  
Distance to nearest off-municipal well 0 0  
Nutrient mgmt plan 0 0  
SUM OF POINT SCORES 10 10  
    
TOTAL SCORE (Line 4 x Line 14) 10 0.1  

 



1This is the final manuscript submitted to the editor. The following is the correct citation
for this peer-reviewed article:

Harter, T., R. D. Meyer, M. C. Mathews, 2002. Nonpoint source pollution from animal farming in

semi-arid regions: Spatio-temporal variability and groundwater monitoring strategies; in: Ribeiro,

L. (Ed.), 2002, Future Groundwater Resources at Risk, Proceedings of the 3rd International

Conference, Lisbon, Portugal, June 2001; p. 363-372.

Proceedings, 3 rd Intl. Conf. on Future Groundwater Resources at Risk  Lisbon, Portugal, 25-27 June 2001

Nonpoint Source Pollution from Animal Farming in Semi-Arid Regions:
Spatio-Temporal Variability and Groundwater Monitoring Strategies 1

T. Harter1, R. D. Meyer1, M. C. Mathews2

1 Department of Land, Air, and Water Resources, University of California, Davis, USA
2 Cooperative Extension Stanislaus County, University of California, Modesto, USA

ABSTRACT

Nitrate contamination remains a ubiquitous groundwater pollution problem worldwide. Animal

farming systems are among the major sources of groundwater nitrate. Little is known about the impact

of dairy farming practices on water quality in the extensive alluvial aquifers underlying many animal

farming regions in the United States and elsewhere. The objective of this work is to characterize and

assess nitrate leaching across an array of potential point and nonpoint sources within dairy facilities.

Sources are divided into three major groups (animal housing areas, liquid manure storage ponds,

irrigated fields receiving liquid manure). A shallow groundwater monitoring network (79 wells) was

installed on five representative dairy operations in the San Joaquin Valley, California. Nitrate and

reduced nitrogen was measured over a four-year period at intervals of 4 - 7 weeks. Reduced N was

only found near manure storage ponds. Total nitrogen (N) concentrations are found subject to large

spatial and temporal variability within individual dairies, while the range of observed groundwater N

was similar on all five investigated dairies. Average shallow groundwater N concentrations within the

dairies was almost three times as high (64 mg/l) as immediately upgradient of these dairies (24 mg/l).

Nitrogen may vary rapidly over time at individual observation wells. Temporal correlation is

insignificant for measurements taken more than 4 to 6 months apart. Spatial distribution of shallow

groundwater N across individual dairies is highly complex. Correlation scales are less than 100 m.

High spatio-temporal variability severely limits the value of individual groundwater observation wells

for compliance monitoring.

INTRODUCTION AND BACKGROUND

Manure nutrient management is a key component of recently proposed federal regulations

(U.S.EPA, 2000) for concentrated animal feeding operations (CAFOs).  In California, dairies are the

largest CAFO industry with a total herd size of 1.5 million dairy cows. Current liquid and solid waste

management practices on dairies have come under scrutiny for their environmental impacts. Among



those, groundwater quality is a particular concern due to the location of most dairies in low relief (flat)

basins (Central Valley, Imperial Valley, Chino Basin, see Fig. 1). The alluvial and fluvial basin fill

aquifers of these large watersheds (103 - 105 km2) are a major source of irrigation water and the almost

exclusive source of domestic and municipal drinking water. Agricultural activities in general and dairy

operations in particular have been identified as a potentially significant source of nitrate contamination

in these aquifers (Lowry, 1987; Mackay and Smith, 1990; Burow et al., 1998; Wildermuth Env. Inc.,

1999). However, little is known about the complex link between animal feeding operations (AFOs)

and groundwater in semi-arid climates dominated by irrigated agriculture. As a result, no guidance

exists on how to effectively manage and monitor groundwater quality within AFOs. The objective of

this paper is to provide and discuss representative field data that characterize shallow groundwater

quality under the immediate influence of dairies, each comprising a multitude of potential nutrient

sources, particularly nitrate. The dataset is used to quantify the spatial and temporal variability of

nitrate concentrations in shallow groundwater. We discuss the significance of the results with respect

to monitoring potential groundwater quality impacts from dairies.

Dairies comprise a complex conglomeration of multiple potential point and diffuse sources for

nitrate contamination of groundwater. Dairies in the Western U.S. commonly use flushed freestalls in

open barns, surrounded by uncovered corrals (exercise yards, animal holding area) (Meyer et al.,

1997). Manure in the freestalls is flushed utilizing recycled water from the liquid manure storage

lagoon (henceforth referred to as “pond”). Manure solids from the flush and those scraped off corral

areas are separated from the liquid portion in settling basins or by using mechanical devices. Solids

are stored on-site for composting, land application, use as bedding material, or for later off-site

delivery. New wash water from the milk barn and winter runoff from the corrals is added to the waste

recycling system, thus gradually filling the manure pond (particularly during the wet winter months).

The diluted liquid manure is applied by gravity or pumping to forage crop land adjacent to the

pond via the existing flood or furrow irrigation system (Schwankl et al., 1996; Meyer et al., 1997).

Manure applications typically occur during the late fall to create pond storage capacity for the winter,

during the rainy winter months if runoff collection exceeds pond storage capacity, in the spring during

pre-irrigation, and intermittently on summer crops. Irrigated crop land is a large part of a typical dairy

(several tens to a few hundreds of hectare). Most dairies grow corn (maize) silage during the summer

followed by fall planting of cereal grains (oats, Avena sativa, wheat, Triticum sp., or barley, Hordeum

sp.), which is harvested as forage in early spring. Alfalfa (lucerne, Medicago sativa) or other crops are

sometimes rotated with the corn and may receive applications of diluted liquid manure. Dairy operators

have commonly managed manure land application as a waste disposal system, not as a nutrient

management system due to inherent difficulties in quantifying the nutritional benefit of the diluted

liquid manure. Often, commercial fertilizer is applied in addition to manure to meet the perceived

nutrient requirements of the crop (Schwankl et al., 1996; Meyer et al., 1997; Mathews et al., 1999).

In these AFO systems, potential sources of nitrate in groundwater include freestalls, corrals,

underground pipelines and storage facilities of the waste recycling system, the manure solids storage

area, the feed storage area, settling and liquid manure storage ponds, land application of manure, and

commercial fertilizer applications on crop land (with associated irrigation and application

nonuniformity). Septic systems for one or several on-site residences are also a potential source of

groundwater nitrate. Sources of groundwater nitrate in non-animal farming facilities surrounding these

dairies are residential septic systems and commercial fertilizer applications. Upgradient urban areas

(golf courses, septic systems, municipal waste application) are another potential source of groundwater



Figure 1: Digital elevation map of California
indicating the location of the study area and the
major dairy basins in the state.

nitrate. Most of these potential sources leach at time-varying rates. Hence, the AFO system as a

potential “nonpoint” source of water pollutants is in fact a complex system of point and distributed

sources of spatially and temporally very variable source strength. While it is impossible to characterize

the contributions of these sources in detail, we conceptualize the dairy as consisting of three major

management units (Harter et al., 2001a): corrals (feedlots, freestalls, flush alleys, etc.), ponds, and crop

fields. In this paper, we investigate the variability of shallow groundwater nitrate between dairies,

between the three management units within the dairies, and quantify spatial and temporal correlations

using geostatistical and time series analysis. The analysis provides the basis for a discussion of

monitoring options.

METHODS

Study Sites. For this study, five commercial dairy facilities with an average of approximately 1,000

animal units and of 60 ha crop fields per dairy were selected for groundwater quality monitoring. A

monitoring well network was established in 1993, hydrogeologic conditions were measured to estimate

the monitoring well source area, and a long-term groundwater quality monitoring program was

established. The selected dairies are on the east side of the valley trough in the northern San Joaquin

Valley (Fig. 1), where the water table is shallow (less than 5 m), and soils are predominantly sandy.

The climate in this region is mediterranean with annual precipitation of 290 mm, practically all of

which occurs between October and April. Summers

are dry and hot. The area is characterized by

featureless topography with slopes of less than

0.2%. Historically, border flood irrigation of forage

crops has been dominant among AFOs in this

region. The dominant surface texture at our study

sites is sandy loam to sand underlain by silty lenses,

some of which are cemented with lime. Some soils

may have a slight accumulation of clay in their

subsoil. Water holding capacity is low. Groundwater

in the alluvial sediments generally flows from the

east-northeast to the west-southwest following the

slope of the landscape. The average regional

hydraulic gradient ranges from approximately 0.05

to 0.15%. The water table at the selected facilities is

between 2 m and 5 m below ground surface.

Hydraulic conductivity (K) of the shallowest aquifer

material has been estimated from slug tests. The K

values range from 10-4 to 2*10-3 m/s (Davis, 1995),

which is consistent with the predominant texture of

the shallow sediments.

Monitoring Network. On each dairy, between 6

and 12 shallow groundwater monitoring wells were

installed for a total of 44 “RWQCB” wells. These

wells were monitored for a seven-year period. From

June 1993 through August 1994, preliminary well



samples were taken on an approximately three-monthly basis. From November 1995 through

November 1999, well samples have been taken on an approximately five- to six-weekly basis.

Monitoring wells are strategically placed a) upgradient and downgradient from fields receiving manure

water, b) near wastewater lagoons (ponds), and c) in corrals, feedlots, and storage areas (henceforth

referred to as “corrals”). In the spring of 1999, an additional 35 monitoring wells were installed on two

of the dairies (“UCD” wells). The locations of the additional wells were selected to provide a denser

network of shallow groundwater quality immediately upgradient of the two facilities, and within their

field and corral areas. Wells are constructed with PVC pipe and installed to depths of 7 - 10 m. The

wells are screened from a depth of 2 - 3 m below ground surface to the bottom of the well. Water

samples collected in the monitoring wells are therefore representative of only the most shallow

groundwater. Shallow groundwater on these dairies originates primarily from percolation of excess

irrigation water (including manure water) applied within and adjacent to the dairies. Based on

hydraulic data we estimate that the source area (the land area from which the well water originates)

extends from one hundred to several hundred meters upgradient from each monitoring well.

Sampling Protocol. At each sampling campaign, groundwater levels are determined, the well is

purged with a minimum of 5 well volumes or after field water quality (pH, EC) stabilizes, and water

samples are collected. Water samples are cooled and stored at 1ºC for analysis of NO3-N and total

Kjehldahl nitrogen (TKN). TKN is a measure of total reduced nitrogen, the sum of ammonium-N and

dissolved organic nitrogen in the water samples. For quality control, blank, duplicate, and diluted

duplicate samples are prepared in the field from approximately every 10th well water sample. NO3-N

determination is by diffusion-conductivity analyzer (Carlson, 1978). Total Kjeldahl Nitrogen is

determined by the wet oxidation of H2O using standard Kjeldahl procedure with sulfuric acid and

digestion catalyst (Keeney and Nelson, 1982).

RESULTS AND DISCUSSION

The statistical analyses are carried out for the sum of measured NO3-N plus measured TKN

concentration, denoted hereafter as nitrogen (N). Unless otherwise mentioned, TKN concentrations

are negligibly small for purposes of this study (less than 3 mg/l), and N concentrations are equal to

NO3-N concentrations. The observation period we selected for the analysis is November 1995 through

November 1999.

General observations. Nitrogen concentrations of the dairy wells (not including those wells

upgradient of the dairies) show considerable variability. The coefficient of variation is 60% (1234

observations). The individual 4-year arithmetic mean nitrogen concentrations at each of the wells range

over more than one order of magnitude giving witness to the large spatial variability between

observation wells. The difference between the 75th percentile and the 25th percentile in the distribution

of the measurements at individual wells also varies over more than one order of magnitude,

demonstrating the large temporal variability of groundwater nitrate concentrations. The differences

in groundwater nitrogen concentrations between the five dairies (not including upgradient wells) are

small compared to the spatial and temporal variability of concentrations within each dairy. The mean

concentrations obtained by averaging all measurement data from individual dairies differ by less than

a factor 2 while the range of concentrations found on each dairy overlap considerably. Analysis of

Variance (ANOVA) on the 4-year average mean N of individual wells shows that differences between

dairies are not statistically significant (Harter et al., 2001a). For purposes of further statistical analysis,



Figure 2: Mean (small square), standard error of the mean
(large box, and standard deviation of total N in
groundwater, by management unit. Field wells are divided
into those upgradient of the corral (“field”) and side- or
downgradient from the corral (“dwnfld”) to create a
statistical profile through the dairy facility.

we therefore consider all dairies to be

from the same statistical sample

population.

Effect of dairy management unit:

To differentiate nitrate groundwater

loading from various management units

within each dairy, monitoring wells are

grouped by the management unit

immediately upgradient of each well,

regardless of the presence of other

management units within the potential

estimated source area (further

u p g r a d i e n t  o r  i m m e d i a t e l y

downgradient).  The three dairy

management units considered are

corrals, ponds, and fields (see above).

All “field” wells are downgradient of

fields that are used for either regular or

intermittent application of liquid

manure. Wells immediately upgradient

of the dairy property are considered to belong to a separate “upgradient” management unit.

Surprisingly, the mean N does not vary significantly across the three dairy management units (Fig. 2).

The spatio-temporal variability (coefficient of variation of all observations) is also similar for the dairy

management units. Only the ‘upgradient’ (non-dairy) monitoring wells show significantly smaller

average N concentrations. Average ‘upgradient’ nitrate levels are approximately one-third of the

average concentration observed within the dairies indicating a large N contribution from the dairy

itself.

In contrast to the statistical distributions of total N, which show no significant differences between

dairy management units, measurable TKN concentrations (5 mg/l or more) were detected at only four

wells. Three of these four wells are located within the downgradient outside slope of the berms of three

separate ponds indicating that some of these earthen ponds leach, at least locally. Pond leaching is

estimated to be on the order of 1m/year (Harter et al., 2001a)

Spatial variability within operations. A geostatistical analysis of nitrate-N distribution was

implemented on two neighboring dairies with 45 wells (RWQCB wells and UCD wells). These are

distributed over an area that extends 1.6 km in E-W direction and approximately 0.8 km in N-S

direction. Well spacing in N-S direction ranges from 60 m to 400 m and two pairs of wells that are

approximately 30 m and 45 m apart. Well spacing in E-W direction (approximate groundwater flow

direction) is mostly 200 m and 400 m with a one pair 45 m apart and several pairs approximately 100

m apart. One well was drilled within 3 m of another well for replacement. Concurrent samples were

taken from both wells prior to abandoning the older well. Sample nitrate agreed to within 5%.

Variogram analysis (Isaaks and Srivastava, 1989) was implemented on the April and September 1999

sampling data to characterize spatial correlations, an important measure for determining the efficiency

of a monitoring well network. An omnidirectional Gaussian variogram model (Fig. 3) was fitted to the

two datasets with a nugget of 0.65, a sill of 1.25, and a range of 900 m (3,000 ft).



Figure 3: Sample semi-variograms of NO3-N
concentrations in April and September 1999. The
modeled semi-variogram is a Gaussian model with a
range of 1,500 m (5,000 ft), a nugget of 0.65 and a sill
of 1.25 (all semi-variogram values normalized by the
variance of the dataset). 1 foot = 0.3 m.

Figure 4: Sample autocorrelations in time for the complete
dataset (solid line) and for individual management units.
Estimated white noise levels are represented by the
corresponding horizontal lines. Significant correlation exists
only above white noise levels.

Based on physical observations at the most closely spaced well pairs, and based on the

geostatistical observations, we suggest that three scales of variability can be distinguished: variations

of approximately 5%-10% of the observed

concentration may occur withiny a couple of

meters as shown by the closely space well

pair and as shown by the consistency of the

water quality when pumping large amounts

of water from a single monitoring well.

Larger variations with some persistent spatial

continuity occur at a scale of 50 - 300 m,

which is the scale of a field or corral area.

Even larger variability is observed at the

farm scale (900m - 1,600 m). From a

statistical point of view, this last scale is not

well developed due to the fact that 800 m is

one-half of the largest length scale of the

observation network. This largest scale

reflects an overall concentration profile with

a “low-high-less high” division from the

upstream to the downstream end of the dairy

and reflects approximately half of the overall

variability. From a practical point of view,

the geostatistical analysis suggests that

individual monitoring well data from these very shallow groundwater systems are representative of

only an extremely small area (several tens of square meters) and grossly indicative of shallow

groundwater nitrate concentrations

within an area of perhaps 1 - 5

hectare.

Seasonality and long-term

variations. Spatially averaged mean

N concentrations vary significantly

over time although the 4-year

observation period (1995-1999) is

too short to detect significant long-

term trends. Seasonal influences in

source strength (irrigation during

the summer, fall and winter land

application of manure, winter

rainfall) are not reflected in the

temporal changes in groundwater

nitrate: Average N during the four

seasons Sep-Nov (fall), Dec-Feb

(winter), Mar-May (spring), Jun-

Aug (summer, main irrigation

season) varies little. A time series



analysis was performed for thirty-five sampling dates between November 1995 and November 1999.

For the analysis, each sampling interval was given a duration of 1. The actual sampling intervals varied

from 27 days to 74 days with an average of 43 days. The sample autocorrelations of the total dataset,

the upgradient wells, the field wells, and the corral wells are very similar. The time lag at which the

autocorrelation decays to that of a white noise process is approximately 4.5, corresponding to a real

time lag of approximately 190 days (6 months). The mean absolute difference of N between individual

sampling dates is slightly above 10 mg/l for the total sample and for the field wells. It increases to 15

mg/l at time intervals of 2 lags (86 days). Pond wells show the largest variability between sampling

campaigns and much shorter correlation time than the remaining wells (Fig. 4).

Implications for groundwater monitoring. The large amount of spatial and temporal variability

raises the question of how to effectively monitor AFOs. We discuss four hypothetical approaches to

monitoring. The discussion is preliminary and currently subject to further data review.

1.  Characterization of the impact of individual potential sources within a dairy on groundwater

quality. Individual potential sources within a dairy are, for example, a wastewater pond, an

individually managed field, or continually ponding local areas (“hot spots”) within a corral. The impact

of individual sources can either be estimated from the leaching rate if known (e.g., net recharge in

irrigated fields) or - in the case of a field - the nitrogen imbalance between fertilizer and manure

applications and crop N uptake. These data can be used by computer models to estimate long-term

impacts on shallow or deep groundwater, an approach that we have successfully applied to predict

impacts from improved manure management. For many potential sources (ponds, corrals, leaking

pipelines) neither the leaching rate nor the leaching concentrations are known. We are pessimistic that

individual sources can be isolated and characterized by monitoring shallow groundwater

concentrations. We are currently evaluating the use of other geochemical signatures to achieve better

source identification.

2.  Characterization of the detailed spatial (and temporal) distribution of nitrate to map potential

hotspots. If areas with extremely high concentrations of nitrate are discovered, they are likely to be of

limited spatial extent. The exact size of the associated plume can only be determined by installing

closely spaced monitoring wells (distances between wells of 30 m or less). Such dense monitoring well

systems are currently found only on industrial groundwater contamination sites. Other than for

research purposes, this approach does not seem economically feasible for most AFO operations. Clear

groundwater protection goals must be established prior to designing such networks and weighed

against the high cost of installing a dense monitoring well network within a small portion of the AFO.

3.  Estimation of the overall nitrate loading rate to the water table within the dairy. For practical

purposes, our measured N distribution can be approximated reasonably well by the Gaussian

probability distribution. If a sparse monitoring well network is installed with individual wells separated

by at least one to a few  hundred meters, the individual well samples are independent of each other.

Gaussian mean error estimation can then be applied to determine the number of wells necessary to

obtain a reasonable estimate of the mean shallow groundwater nitrate concentration across an AFO.

We have found that the average nitrate concentration from six to seven monitoring wells within a dairy

(and distributed across all management units) are within 10% - 20% of the nitrate concentration

observed in the outflow from a tile drain system underlying the entire AFO (including crop fields).

Alternatively, total farm N budgets based on the number of animals, the type of crop, water use,

and the crop area of a farm have been used to estimate overall nitrate loading to groundwater. Such



budgets are an important tool for planning and regulatory compliance purposes. The farm budgets for

the five participating dairies indeed all showed an N surplus. However, no correlation exists between

the farm N surplus and actual groundwater nitrate. While mean groundwater nitrate varied little

between the dairies, their annual farm N budgets showed surpluses ranging from as little as 60 kg/ha

to over 400 kg/ha (60, 95, 260, 300, and 420 kg/ha; Davis, personnal communication). Farm N

budgets were computed based on handbook values (rather than measured values) for animal N

excretion, N content of liquid and solid manure, and N uptake from farm crops.  It is our experience

that actual values for these parameters may vary significantly from farm to farm depending on feed

management, manure handling, and irrigation system (e.g., Harter et al., 2001b, Mathews et al., 2001).

Additional uncertainty is introduced by non-uniform manure and irrigation water applications within

each field.

The use of farm N budgets for assessing groundwater loading is also limited by the scale of the N

throughput in these dairy farms (on the order of 1,000 kg/ha) compared to the amount of surplus N that

would result in recharge nitrate-N concentrations exceeding 10 mg/l. At a net recharge rate of 30

cm/year, that concentration results from as little as 30 kg/ha annual N surplus, which is much less than

the margin of error of a typical farm N budget. Better estimates of groundwater N loading are obtained

from individual field nitrogen balances based on actual (measured) N applications to the field and

actual (measured) N uptake in the crop (Harter et al., 2001b).

4. Monitoring to determine, whether any significant nitrate impact to groundwater exists at all

within the AFO. Depending on the definition of ‘significant impact’, this type of monitoring, as an

early warning system, would require the least amount of monitoring wells. Let’s assume that the true

average nitrate concentration in the shallow-most groundwater across an AFO is Nmean and that the

spatial distribution of nitrate in shallow groundwater under an AFO follows a Gaussian distribution.

Then the likelihood, p, that all n monitoring wells in a network have levels that are less than Nmean is:

p = 0.5n. Generally, for an arbitrary distribution with a known cumulative distribution function of

nitrate, CDF(N), we can compute p (the probability that all n wells return levels less than Nmean) from:

 p = [CDF(Nmean)]
n (1)

This assumes that concentrations are uncorrelated between wells. At our study site, the separation

distance between wells would have to be on the order of 100 m or more to meet that requirement. To

design a monitoring well network such that at least one well, with 95% certainty, has a nitrate

concentration equal to or larger than Nmean means that the well network needs to contain n wells such

that (1- p) > 0.95.  Based on our exhaustive sample CDF of nitrate, we estimate from (1) that n = 4.

If nitrate samples are normal (Gaussian) distributed, n = 5. In practice, these n wells should be located

in areas that are most likely to leach nitrate. The wells should be sampled at least quarterly to half-

yearly to avoid missing any intermittent periods of high N concentrations in the well. As long as none

of these wells exceed a predefined threshold level, it can be assumed with reasonable certainty that

overall groundwater nitrate impact from the AFO area does not exceed the threshold level.

We emphasize that such recommendations apply only to the shallow-most groundwater under the

direct influence of the AFO (regardless of its depth). Monitoring the shallow-most groundwater (i.e.,

the upper 5-10 m immediately below the water table) is only possible in areas with relatively stable

water levels. Where seasonal or long-term water table fluctuations exceed 10 m, monitoring wells must

be screened over larger depth intervals resulting in depth-averaging of nitrate concentrations. The

potential source area of such wells changes over time (as water levels rise and fall) and may include



significant land outside the farm of interest. This must be taken into consideration when interpreting

data from these monitoring wells.
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